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1. Introduction      
The purpose of this chapter is to show the feasibility of using ad-hoc networks as an enabler 
of brain spectroscopy. Ad-hoc networks have many applications. The application which this 
chapter explains provides full mobility in everyday environment using a near-infrared light 
sensor designed to monitor brain function in humans. Multiple wireless networks 
employing several different protocols are used for data carriage and provide new freedom 
to conduct tests in real environment outside a lab. An Ad-hoc network (Bluetooth) is one of 
the wireless networks used to support the application. The value of this application is to 
measure the changes in the concentration of oxyhemoglobin (HbO2) and deoxyhemoglobin 
(Hb) in tissues in the real-life environment. This might lead to better understanding of tissue 
pathologies. This type of application was not available before.  
A fully mobile functional brain spectroscopy system has been developed to allow the 
possibility of testing subjects to be monitored in their real environment. To test this 
hypothesis, communication software was developed to allow for the collection of 
physiological data from a mobile near-infrared sensor via a mobile telephone that has a 
Bluetooth support. The developed application is used to track the changes in the 
concentrations of HbO2 and Hb during various activities and send the data to a computer at 
a remote monitoring site.  
The specific aims of this application have been to build a fully mobile system to monitor the 
concentrations of HbO2 and Hb in near real time, to monitor the concentrations of HbO2 
and Hb during smoking, as well as to analyze the gathered data, and to try to understand 
the correlation between HbO2 and Hb during smoking. Performance and data accuracy 
were the key for this application to provide the sought value. 
Java portability allows the developed application to run on a wide range of operating 
systems and devices. Java Standard Edition (J2SE) was used for server code; Java Micro 
Edition (J2ME) was used to run code in the phone; C language was used to build the 
Bluetooth code and the protocol in the sensor; and Eclipse was used as the integrated 
development environments (IDE) to build and debug the application.  
Java has native network support. It is possible to create applications to support different 
kinds of networks and protocols. Java has native libraries that support wired and wireless 
communications. It supports Bluetooth, WiFi, and more.  Several popular network protocols 
and standards are also supported. By default, Java libraries support Transmission Control 
Protocol (TCP), User Datagram Protocol (UDP), and binary stream communications. 
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In this application a reliable network is required. To meet part of reliability requirements, 
TCP protocol was fond to be the best supported protocol in the mobile device used in this 
system. TCP protocol is a reliable protocol used in communication when a reliable 
connection is required (Comer, 1997). It allows two hosts to communicate and exchange 
data streams and guarantees the data delivery (Stevens, 1994). Data packets are delivered in 
the same order they were sent. In contrast, UDP does not provide guaranteed delivery and 
does not guarantee packet ordering (Comer, 2007).  Selecting which protocol to choose for a 
particular application mainly depends on the application requirements.  These protocols 
have proven their value and made their way into Bluetooth and GSM networks. Bluetooth 
networks support both TCP and UDP communications (Bray & Sturman, 2002). Applications 
running on the Bluetooth networks can use any of these protocols to send and receive data. 
The most common way to send TCP and UDP packets over Bluetooth is using Bluetooth 
Radio Frequency Communications (RFCOMM) (Ganguli, 2002). RFCOMM is a transport 
protocol that provides RS-232 serial port emulation. Bluetooth Serial Port Profile (SPP) is 
based on this protocol (Huang, 2007; Bluetooth Core Specifications Version 2.1. 2007).  
GSM networks are similar to Bluetooth networks and wired local area networks. They 
support TCP and UDP communication protocols (Delord et al., 1998; Eberspächer et al., 
2001; Chakravorty et al., 2003). Since wireless networks support the same communication 
protocol as wired local area networks, applications running on wireless networks can 
communicate and exchange data with the applications running on wired local area 
networks. 
Application level protocols are created to support specific applications. These protocols can 
run on top of either TCP or UDP protocols. KREIOS protocol and LayerPro protocol in this 
application are examples of such protocols. It contributes to the overall reliability of the 
application. KREIOS is a packet-oriented protocol created to support data exchange between 
the sensor used in this application and any other application running in another device 
(Arquatis GmbH, 2007). LayerPro is a protocol created in this research based on KERIOS 
protocol to allow global communication between the sensor, the PDA, and the server over 
Bluetooth and GSM networks. 
The wireless sensor used in this application implemented KREIOS protocol, which was 
created by (Muhlemann, 2006) and implemented by Arquatis GmbH, Rieden Switzerland 
(Arquatis GmbH, 2007) in the wireless sensor. The KREIOS is a packet-oriented protocol 
between two devices: one acts as a master and the second one acts as a slave; both 
communicate through a request and response transaction. In this application, the master is 
the PDA and the slave is the sensor.  
Several methods have been devised for imaging the human brain, in particular 
Electroencephalography (EEG), Computed Tomography (CT), Magnetic Resonance Imaging 
(MRI), Functional Magnetic Resonance Imaging (fMRI), Positron Emission Tomography 
(PET), Single Photon Emission Computed Tomography (SPECT), Near-infrared 
Spectroscopy (NIRS), and Diffuse Optical Tomography (DOT). These methods vary in their 
strengths (Strangman et al., 2002). In recent years, researchers have started using NIRS and 
DOT, either alone or in combination with other methods, to image brain functions. The non-
invasive nature of the NIRS is appealing to researchers to measure changes in HbO2 and Hb 
during brain function activities (Izzetoglu et al., 2003).    
Functional Optical Brain Spectroscopy using Near-infrared Light (fNIRS) has been 
introduced as a new method to conduct functional brain analysis. fNIRS is a method that 
uses the reflection of infrared light to observe changes in the concentration of HbO2 and Hb 
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in the blood, and can provide a similar result to fMRI (Villringer & Chance, 1997).  fNIRS 
takes advantage of the absorption and scattering of near-infrared light to provide 
information about brain activities (Gratton et al., 1997). For a long time, it was thought that 
it was only possible to collect information from the superficial layers of tissue (e.g., 
microscopy) due to light scattering. However, about 25 years ago, it was discovered that 
functional information could be obtained from brain tissue using light shone at the scalp 
and detected from the scalp (Jobsis, 1977). This discovery motivated the development of 
diffuse optics as a method for brain monitoring. This method has different names: Near-
infrared Spectroscopy (NIRS), Diffuse Optical Tomography, and/or Near-infrared Imaging 
(NIRI). Today, several types of NIRS devices have been built to image brain functions. These 
devices differ in their capabilities, designs, and costs (Strangman et al., 2002; Bozkurt et al., 
2005).  
The NIRS devices can be classified into three main types: Continuous Wave Spectroscopy 
(CWS), Time-resolved Spectroscopy (TRS), and Frequency Domain Spectroscopy (FDS). The 
CWS device consists of a continuous light source, which transmits light waves with constant 
amplitude, and a detector that locates the attenuated incident light after it passes through 
the tissues. The TRS device transmits short incidents of light pulses into tissues and 
measures the light after it passes through the tissues. On the other hand, the FDS device 
transmits a sinusoidally modulated light wave into the tissue (Strangman et al., 2002). 
Each of these types of NIRS devices has limitations and strengths (Hong et al., 1998). CWS 
has the advantage of low cost; however, with CWS it is difficult to distinguish contributions 
of absorption and scattering to light attenuation.  FDS, on the other hand, is known for its 
good spatial resolution, penetration depth, and accurate separation of absorption and 
scattering effects. Nevertheless, FDS is significantly more expensive than CWS. As for TRS, 
although theoretically, it can provide a better spatial resolution than FDS, it has a lower 
signal-to-noise ratio. Since TRS requires short pulsed lasers and photon counting detection, 
it is the most expensive type of the NIRS instrumentation. Despite the advancements in 
NIRS technology, NIRS still has limitations, such as the short path length and the artifacts’ 
movements during measurements.  
Absorption and scattering are the main physical processes affecting the transmission of light 
photons in tissues. Light photon absorption and scattering causes the light intensity to 
decrease. Both absorption and scattering are wavelength dependent. The amount of 
absorbed light photons is also impacted by the concentration of blood HbO2 and Hb in 
tissues which vary in time, reflecting physiological changes in tissues’ optical properties 
(Villringer & Chance, 1997). 
When light photons travel through tissues, they are scattered several times before finally 
reaching the receiver. Scattering increases light optical path length, causing photons to 
spend more time in tissues which in turn affects the tissues’ absorption characteristics. 
Despite the fact that both absorption and scattering play a major role in light transmission, 
scattering is more dominant than absorption. When light travels through tissues and blood, 
photon absorption leads to a loss of energy to tissues and blood chromophores, or induces 
either fluorescence (or delayed fluorescence), or phosphorescence. The main substances of 
biological tissues that contribute to light photon absorption in the near-infrared light are water, 
fat, and hemoglobin. While water and fat remain fairly constant over a short period of time, 
the concentrations of oxygenated and deoxygenated hemoglobin change according to the 
function and metabolism of the tissues. Thus, the corresponding changes in absorption can 
provide clinically useful physiological information (Villringer & Chance, 1997).  
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Near-infrared light, in the range of 700-900 nm, can travel relatively deep into body tissues. 
It is also worth mentioning that such light can easily travel through soft tissues and bones, 
such as those of neonates and infants. Therefore, it is suitable to use near-infrared devices to 
monitor brain activities or other oxygen-dependent organs in this category of humans 
(Germon et al., 1998).  
NIRS relies on a simple principle: light in the range of near-infrared light emitted on the 
organ of interest passes through the different layers above the organ. When it passes 
through the tissues, light photons go through physical interactions, such as scattering and 
absorption that leads to a loss of energy in the emitted light. When the remaining light exits 
the organ, it is measured by a detector.  
In neuroimaging applications, the light is injected through the scalp, so the photons pass 
through several layers of tissue surrounding the brain, such as the scalp, skull, 
Cerebrospinal Fluid (CSF) and meninges. Then, the NIR light reaches the brain and the 
blood vessels, and backscattered light gets detected by a set of detectors. The light in this 
case follows the so-called banana-shaped path due to scattering effects caused by the tissues.  
Due to the fact that water and lipids are relatively transparent to near-infrared light and the 
optical properties of the layers surrounding the brain and blood are fixed within a given 
period of time, it was found that light is mainly absorbed by oxygenated and deoxygenated 
hemoglobin. Here, it must be noted that the scattering of the near-infrared light in the 
human tissues is much larger than its absorption, while absorption of this kind of light is 
much larger in the blood. This leads to the belief that the optical properties of the blood, 
which in fact change based on the amount of oxygen in the blood, can play a vital role in 
determining the amount of backscattered light from the brain. The amount of blood volume 
and blood oxygen concentration can be an indicator of hemodynamic activities that are 
related to brain functions. Analyzing the amount of backscattered light during the 
oxygenation and deoxygenation process of the blood flow in the brain can lead to a better 
understanding of the brain function (Benni et al., 1995).  
NIRS measures the optical properties of HbO2 and Hb in near-infrared light. The effects of 
the changes in concentration levels of HbO2 and Hb in the blood stream on light absorption 
can be described by the Beer-Lambert’s Law. A Modified Beer-Lambert Law can be used to 
predict the amount of blood chromophoers (HbO2 and Hb) in tissues (Bozkurt et al., 2005).  
2. Brain spectroscopy    
Functional brain imaging using fMRI and Positron Imaging Tomography (PET) have 
increased our understanding of the neural circuits that support cognitive and emotional 
processes (Cabeza & Nyberg, 2000; Davidson & Sutton, 1995). However, these methods are 
expensive, uncomfortable, and might have side effects such as exposure to radioactive 
materials (with PET) or loud noises (with fMRI) (Hong et al., 1998; Chance et al.,1993). Such 
disadvantages make these imaging methods inappropriate for many uses that require the 
monitoring of brain activities under daily, real-life conditions. 
Functional Optical Brain Spectroscopy Using Near-infrared Light (fNIRS) is another method 
to conduct functional brain analysis.  fNIRS is a non-invasive method that uses infrared light 
reflection to gather changes in the concentration of HbO2 and Hb in the blood(Jobsis, 1977). 
The main advantages of fNIRS are: ability to measure concentration of chemical substance; 
device’s low cost; device’s low power requirements; non-invasiveness nature, and device’s 
portability. Low cost and portability have made it possible to use fNIRS to monitor patients 
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in their homes for an extended period of time, allowing health care providers to monitor 
slowly developing diseases in patients. The non-invasive nature of fNIRS has also made it 
possible to perform as many tests as needed without worrying about side effects (Boas et al., 
2002). 
Blood carries oxygen and nutrients to tissues. Also, it carries carbon dioxide and other 
products of metabolism away from tissues, so the body can eliminate them. Red blood cells 
contain hemoglobin, which is the main oxygen transporter. When the red blood cells pass 
through the lungs, they collect oxygen where it becomes bound with the hemoglobin. 
Furthermore, red blood cells release carbon dioxide to the lungs. Blood vessels form a 
comprehensive network inside the body where they deliver blood to different tissues and 
organs. Arteries, arterioles, and capillaries deliver oxygenated blood to tissues whereas 
veins and venules collect deoxygenated blood from them (Boas et al., 2002). 
The human brain is protected by several layers. These layers provide a safe and secure 
environment for the brain. Near-infrared light, used to measure changes in the blood 
oxygenation, has to pass through all the protective layers: scalp, periosteum, skull, and the 
meninges (Fig. 1). The meninges contain three layers: dura mater, arachnoid mater, and pia 
mater (Porth, 2005).  
 
 
Fig. 1. The Brain’s Protective Layers [18] 
3. System design     
The system developed for this application consists of three main hardware components. The 
first component is a Bluetooth wireless sensor (built by Arquatis GmbH, Rieden, 
Switzerland), which is the data acquisition device (Muhlemann, 2006; Muhlemann et al., 
2006). The second component is a PDA and is the main controller for the measurement 
process and the data communication bridge between the sensor and the central computer. 
The third component is a central computer (Server, or Host Computer, or PC) that stores the 
data for later analysis. See Fig. 2 for a full display of the system’s architecture. 
Two different ranges of communication are used in the developed system. First, the 
communication between the sensor and the PDA is carried over a Bluetooth network. The 
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signal range between the PDA and the sensor is approximately 10 m (short range). This 
short range is enough to perform bedside monitoring without the need to carry the PDA. 
The other range of communication occurs between the PDA and the central computer and is 
carried over the GSM network (wide range). The range of the GSM is very wide indeed 
since the system employs the mobile phone network with a roaming feature. Technically, it 
is possible to monitor a test subject wearing the sensor in any part of the world as long as 
they are within the range of a GSM network with roaming capabilities.  
The PDA and the sensor are light weight devices that make it possible to carry them easily. 
The sensor has a set of programs developed in the C language required to enable the data 
acquisition and data transmission. The PDA runs the Java ME program that performs the 
data transmission between the sensor and the host PC. The host PC works as a server and a 
database server as well. Additionally, the PC is configured with a public IP address to make 
it accessible through the Internet and to the GSM network. The communication between the 
PDA and the sensor is bidirectional and the communication between the PDA and the PC is 
unidirectional – from the PDA to the server. 
The combination of these communication technologies allowed the creation of a fully mobile 
system for Functional Optical Brain Spectroscopy using Near-infrared Light (fNIRS) 
technology extending the range and the mobility of an existing solution (78; 79; Muhlemann 
et al., 2006; Trajkovic, 2006). 
 
 
Fig. 2. System Architecture 
4. Protocols and algorithms     
Initially the system used HTTP protocol as a data encapsulation protocol. HTTP protocol is 
designed to be a request-response protocol to transmit text based data.  This makes it not 
suitable for binary transmission without adding performance overhead. 
This application required continuous fast binary data upload. After reviewing existing 
upload protocols and approaches, we came to conclusion that a new protocol is needed to 
be created. Performance and native binary upload were key requirements for the protocol. 
Based on the requirements the protocol was designed and extended KERIOS protocol. The 
protocol achieved the requirement through minimizing the control data and the number of 
the overall transactions. Moreover the protocol packet was designed to hold binary data 
which reduced the data representation overhead. 
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The protocol (see Fig. 3) for this application was created to encapsulate only the acquired 
data and send it to the server; it is based on KERIOS protocol. The extension was necessary 
to ensure data integrity and improve KERIOS protocol parsing. LayerPro carries only the 
KERIOS data packet and adds 3 extra bytes as a sequence number. The sequence number 
ensures that the packets are continuous and no packet loss will occur during transmission.  
Moreover LayerPro has a fixed length; it has 35 bytes, while KERIOS has a variable length. 
These modifications made LayerPro packet parsing easier and faster on the server.  This 
protocol is stateless and supports limited transactions, of which it allows three: open, close, 
and send. 
 
 
Fig. 3. Protocol Stack 
LayerPro protocol has two parts: head and tail (see Fig. 4). The head contains 3 bytes 
representing the transmission sequence number and 1 byte describing the packet type (Data 
or Control). There are four possible values for the packet type field: 0-data; 1-open; 2; send; 
3-close. The tail contains the actual binary data. In this protocol, the fixed length is used to 
determine the end of the packet.  
 
 
Fig. 4. LayerPro Packet Format  
To start the data streaming, the source system sends an open transaction packet. This 
transaction packet indicates to the destination system (server) the beginning of a 
transmission. The sequence number value in the packet head is “00 00 00”; the packet type 
field contains the open command, and no data in the packet tail. The open transaction 
packet is followed by a send transaction packet that contains the acquired data from the 
source (sensor) in the tail, the send command in the packet type and a sequence number in 
the sequence number field. The close transaction packet indicates to the destination (server) 
the end of transmission. The packet type field has a close command; the sequence number 
value in the packet head in this transaction is the last data sequence number with no data in 
the packet tail. Fig 5 demonstrates these transactions and flow between the source system 
(PDA) and the destination system (server). 
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Fig. 5. Layer Pro Transactions   
5. Network integration     
To validate the protocol’s basic functionality more than 100 tests were performed.  They 
were designed to monitor brain functions during smoking outside the lab environment to 
collect changes in oxygenation concentration levels in the brain during breath holding and 
finally to measure the changes in oxygenation concentration levels in dogs’ brains when 
presented with their favorite toys.   
The tests were focused on performance, data integrity, availability and the effectiveness of 
the developed protocol. The system worked in all cases, but different amounts of delay were 
experienced in the data transmission. The delays vary between 1 to 5 seconds. The delay is 
impacted by the networks’ speed during the time when the experiments were performed. 
The protocol design allowed the sending of one packet at a time. This approach reduced the 
overall packet size which made it possible to send the data with a very short delay (1 
second) most of the time. Whereas the packet size was very small (36 bytes) due to the 
protocol design, the network bandwidth requirements became very small. Therefore, the 
system required only a few resources to transmit the data to the server which made it 
possible to transmit the data without data lost despite unpredictable changes in the 
networks load. 
To compare LayerPro performance versus HTTP protocol performance, two version of the 
system were implemented. The first version implemented LayerPro protocol and the second 
version implemented HTTP protocol. The results demonstrate that LayerPro protocol 
provides better near-real-time binary data transmission than the HTTP protocol. Table 1 
shows a sample result compares LayerPro protocol and the HTTP protocol. 
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Layer Pro Average Delay HTTP Average  Delay 
1 Second 8 Second 
1 Second 5 Second 
1 Second 5 Second 
1 Second 7 Second 
1 Second 5 Second 
1 Second 5 Second 
1 Second 5 Second 
Table 1. LayerPro Protocol versus HTTP Protocol  
The system was tested in two different locations to ensure that the protocol can support true 
mobility. The test subject was wearing the sensor and carrying the PDA while he was 
moving around between two cities (Toronto: big city has 5 million people and Markham: 
small city has 0.5 million people). The tests were performed over several days and different 
times. The combination of location, date and time were necessary to investigate the effect of 
the mobile network and the internet load on the quality of the transmitted data during low 
usage and peak usage of the heterogonous networks. Moreover the location, time and date 
combination were used to validate how well the protocol can handle the communication 
during different networks load. 
Fig. 6 shows a direct comparison between LayerPro and HTTP protocol.  From the figure we 
can see that LayerPro protocol provides better near-real-time binary data transmission than 
the HTTP protocol. The figure also shows that the network load effect is minimal on 
LayerPro protocol.   
In biomedical applications data integrity is very important. Even one packet dropping 
sometimes means losing valuable information.  Tests also showed that all data packet were 
streaming correctly and in a timely manner. 
 
 
Fig. 6. Averafe delay LayerPro vs. HTTP   
6. Ad-hoc networks embedding in medical sensors  
The application software architecture (Fig. 7) has three major layers: a data acquisition layer 
(DAL), a control layer (CL), and a data storage layer (DSL). The DAL software component in 
the sensor controls data acquisition and packet transmission.  It is composed of a set of 
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programs that implements the data communication protocol, the RFCOMM Bluetooth 
protocol, and the sensor’s low-level controls. The second layer (CL) resides on the PDA and 
acts as the central control unit for the application. The majority of the system components 
reside in this layer. The third layer (DSL) is mainly used to accept connections from the PDA 
and stores the received data packets in the server for later analysis. The PDA creates a 
persistent connection with the sensor and with the PC during the duration of the 
measurements. The system is designed to support a wide range of measurements and 
acquisition activities. Several types of tests can be performed using the system without the 
need to modify the programs. Most of the components are designed to be configuration-
driven.  The system architecture provides high interoperability between heterogeneous 
hardware and software. 
 
 
Fig. 7. The Application Software Architecture 
All user interactions (Fig. 8) in the system are initiated by the User Interface Component 
(PDAUI) that is controlled by the program control component (PDAProgCtrl). Program 
control calls the LayerPro component to create command and data packets. All commands 
are encapsulated by a LayerPro packet before they are sent to and received from the sensor; 
this is performed by the LayerPro component. A LayerPro packet is sent and received over 
the air using the Bluetooth communication component. When data is collected from the 
sensor it is sent to the server using the communication manager component (ComManager); 
then a local copy of the packet will be saved to the mobile local file system using the Mobile 
Database Access Component (PDADA). 
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Fig. 8. The application overall interactions 
7. Case studies summary    
The system was designed to support a wide range of measurement activities. We wished to 
ensure that a variety of data be available for testing. In order to achieve this goal we 
performed tests on both humans and trained dogs with tests being conducted both inside 
and outside a lab environment. HbO2 and Hb changes in brain and tissue were collected for 
both species in different circumstances. In total, three major types of biomedical experiments 
were conducted using our system.   
The first experiment was a breath holding experiment. The test was used as a validation 
experiment in order to ensure that our system worked correctly and could collect biological 
data.  
The second experiment was related to smoking and was conducted entirely outside the lab. 
This experiment was performed to understand the effect of smoking on the brain in a real 
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environment away from the distractions and unrealities of a rigid laboratory environment—
an environment where smoking actually takes place.  
The third experiment was conducted to monitor a trained canine’s brain activities. The 
experiment was conducted in order to determine if it was possible to monitor the brain 
activity of animals. We found the second and third tests to be particularly compelling. 
Smoking is an addictive behavior that occurs in the real world. In order to understand the 
factors that cause this behavior more accurately, we believed that any measurement must 
occur in the true circumstances of the activity. The third experiment involving trained 
canines was motivated by both the need for data outside the human realm and because we 
believed it could be possible to determine elements of mental activity within working 
animals—specifically canines--that directly relate to the activity that the animal is about to 
engage in. This is significant because it implies a certain level of predictability. Whether this 
is actually feasible is beyond the scope of this application; however, Helton et. al. have run a 
similar test in a lab environment without the benefit of our system (Helton et al., 2007) 
However, if testing is ever to be done in a real world setting, there must be a mechanism for 
allowing it.  
8. Case studies 1    
To validate that the system was functioning as expected, a breath holding experiment was 
performed on humans. The result was compared with a lab method (Zhang et al., 2005). Test 
subjects were asked to rest for 20 seconds, then to hold their breath for 20 seconds, and 
thereafter exhale and breathe normally for 20 seconds. The trial for each test subject lasted 
for 120 seconds. The rest duration between trials for each test subject was approximately 2 
days. 
We performed 15 breath holding trials. We asked three different test subjects (two males 
and one female) to hold their breath. The first test subject was a 23-year-old healthy female, 
non-smoker; the second test subject was a 46-year-old healthy male, non-smoker; and the 
third test subject was a 36-year-old healthy male smoker. During the lab trials, the test 
subjects were asked to wear the sensor on their forehead near the hair line and lay down on 
their backs on the test bed; they were asked not to move and not to speak. Instructions to 
inhale and exhale were communicated to them by the person running the trials. In the 
outside trials, the test subjects were asked to wear the sensor on their foreheads and sit on a 
chair in the open and they were asked not to move or speak while performing the breath 
holding trial.   
After analyzing the collected data using our system, we can see that each breath holding 
trial had a measured impact on the HbO2 and Hb concentration.  The result was compared 
to a result obtained from a similar experiment using fMRI (Zhang et al., 2005). This 
experiment proved that the system can provide results similar to the ones previously 
obtained by other test methods (Zhang et al., 2005).  Clearly the system worked as expected.   
Fig. 9 shows an example of data obtained during a breath holding trial. The graph shows 
that HbO2 increases during the breath holding. The arrow indicates when the increase 
happens due to breath holding. The brain compensates for the lack of oxygen by increasing 
the blood flow (Zhang et al., 2005). Then the HbO2 level goes down after breathing was 
resumed.  
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Fig. 9. Sample breath holding trails result  
9. Case studies 2    
There is an agreement among scientists that cigarette smoking causes lung cancer, heart 
diseases, and other serious illnesses (Carmines, 2002; Giessing et al., 2006). Almost five   
 million Canadians smoke 15 times or more per day (Flight, 2007; Health Canada, 2007). The 
chemical substances, including nicotine, found in cigarettes Hoffmann et al., 2001; Baker et 
al., 2004; Rodgman et al., 2000; Frederick et al., 2007)entering the human body during 
smoking can cause several physiological changes.  Few studies have applied fMRI to detect 
the oxygen level changes in the human brain under the effect of direct nicotine 
administration. The results have proven that nicotine can impact the level of oxygen in the 
hemoglobin in the brain Giessing et al., 2006; Siafaka et al., 2007). It is important to 
emphasize, however, that all these studies have tested the impact of the nicotine on the 
oxygen level in the brain using direct nicotine administration rather than actual smoking. 
To understand the real effect that cigarettes (nicotine and other chemicals) have on the 
brain, as opposed to direct administration of nicotine, smoke testing must be performed in a 
natural way rather than in a controlled environment. One contribution of the developed 
system is to address this need. In fact, there are pragmatic health and safety reasons why 
this method is superior to in-lab testing. Because test subjects can be tested independently of 
the environment, no collateral damage from smoking need be accidentally inflicted on 
auxiliary participants in the test. Thus this method is safer, does not require special lab 
modifications and is as effective as other methods. 
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In total, six smoking trials were conducted. The experiment’s purpose was to examine the 
relationship between smoking and HbO2 and Hb changes in the brain. Five healthy human 
males and one healthy human female participated in the experiment.  The test subjects’ ages 
ranged from 30 to 40 years old. All the test subjects were active smokers for a period of more 
than 2 years. During the trials, the test subjects were asked to wear the sensor on their 
foreheads and sit on a chair in the open where they were asked not to move more than they 
had to in order to smoke and not to speak.  The sensor was fixed with a bandage on the test 
subject’s head to improve the sensor’s stability on the head and minimize the effect of the 
test subject’s movement during the smoking process. Instructions as to when to smoke were 
communicated to the subjects by the person running the trials. Each trial lasted for 15 
minutes, which included a five-minute baseline, five minutes of smoking, and a five-minute 
recovery after smoking.  
Baseline data was recorded for 5 minutes before the test subject started smoking. The test 
subject was asked to smoke for 5 minutes. The test subject inhaled every 20 seconds for the 
duration of the test. After the 5-minute smoking period, the test subject was asked to keep 
wearing the sensor for another 5 minutes. The data collection continued during the 5-minute 
waiting period after the smoking was complete. The recovery period allowed us to capture 
any delayed after-effect changes that occurred due to smoking.  
When we analyzed the data, we observed HbO2 and Hb changes during the baseline, the 
smoking, and the recovery periods. Fig. 10 illustrates the results from a smoking experiment. 
The graph shows that during the baseline duration, changes in HbO2 and HHb reflected 
normal physiological states. Sharper changes in HbO2 and Hb were appeared during 
smoking.  These changes were similar to changes that occur during functional brain activities. 
Usually, such changes occurred due to the increase in the blood flow (Toronov et al., 2001). 
 
 
 
 
 
 
Fig. 10. Sample smoking trial result  
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